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The Meteor Population 

by Gerald S. Bizwkins 1 

Introduction 

, 

The ear th  is  continually bombarded with objects from outer space, 

and by studying the  material as it arr ives  a t  t h e  ear th  w e  can gain an 

understanding of t he  nature of the  objects i n  t he  ea r th ' s  environment. 

These objects  cover a tremendous range of mass, from millions of tons 
t o  gm, and t h e i r  physical character is t ics  depend upon t h e i r  masses. 

When t h e  mass can be measured i n  kilograms, t he  object is  invariably a 
s o l i d  piece of stone o r  iron, o r  stone and i ron mixed. 

penetrate t he  atmosphere of t he  ear th  completely and land upon the  surface. 

After retrieval, t he  object i s  known as a meteorite. 

gm and 10 gm t h e  pa r t i c l e s  are 

It i s  able  t o  

2 Retween masses of approximately 

meteors that have been derived f romthe  i cy  nucleus of a comet. 

p a r t i c l e s  invariably d is in tegra te  i n  the upper atmosphere and never reach 

t h e  surface of t h e  ea r th  in tac t .  

(lo-= gm) is composed of small par t ic les  that are decelerated without de- 

s t ruc t ion  i n  the upper atmosphere. These are known as micrometeorites and 

it is possible t o  co l lec t  them with high a l t i t u d e  rockets, o r  re t r ieve  them 

as they float down t o  t h e  surface of the  earth.  

Meteor 

The population i n  the  lower mass l i m i t  

The inf lux  of objects  i n to  t h e  ear th ' s  atmosphere i s  now f a i r l y  w e l l  
es tabl ished f o r  the  e n t i r e  meteor population. 

measurements, given i n  Fig. 1, 

i n t o  t h e  ea r th ' s  atmosphere increases with decreasing mass. 

possible now t o  d r a w  a monotonic curve over the  e n t i r e  range from micro- 

meteorites t o  meteorites. 

meteor population a r e  described 

The r e su l t s  of various 

show that the number of pa r t i c l e s  f a l l i n g  

It is  a l s o  

The character is t ics  of t he  various groups i n  t h e  

Boston University, Boston, Mass., Smithsonian Astrophysical Observatory 
and Harvard College Observatory, Cambridge, Mass. 
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Meteorites 

The s t a t i s t i c s  pertaining t o  the f a l l  of meteorites i s  based a t  
present on an inhomogeneous set of data. More than 1,000 eye-witness 

accounts, mostly non-professional, are available of t he  f a l l  of a meteorite 

that l a t e r  was recovered and whose mass was determined. Several analyses 

i n  which the  vagaries of t he  collection technique have been p a r t i a l l y  

allowed f o r  (Nininger 1933, 8p ik  1958, Hawkins 1959, 1960, 1963, and 

Brown 1960) have been made t o  determine the r a t e  of a r r i v a l  of meteorites. 

A photographic network i s  now being constructed i n  the  Prairie regions of 

t he  United S ta tes  t o  obtain more re l iab le  s t a t i s t i c s  (McCrosky 1963), but 

u n t i l  f resh  data a r e  available w e  must re ly  upon the  meteorite catalogues. 

Meteorites are c l a s s i f i ed  a s  stones o r  irons. The stones contain 

minerals such a s  olivine,  pyroxene, plagioclase and t r o i l i t e ,  and have an 

average density of 3.4 gm Most stones contain chondrules, small 

spherules about 1 mm i n  diameter; they are  usually a mixture of orthopyroxene 
and olivine.  

The i rons a r e  largely metall ic,  being coarse c rys ta l s  of an  iron-nickel 
a l loy.  

density i s  7.8 gm ~m'~. 

4 

The percentage of nickel varies from about 3 t o  15, and t h e  average 

6 -2 The crushing strength f o r  stone meteorites varies from 3.8 x 10 gm cm 
t o  6.3 x 10 

somewhat lower than t h i s .  

approximately 3 x gm 

higher, although occasionally an i ron w i l l  break up under moderate stress 
because of weaknesses i n  the  boundary between adjoining crystals .  

ga cm-*, although one or  two meteorites have crumbled a t  values 

The average cmshing s t rength f o r  stone i s  

The crushing strength f o r  an i ron  i s  considerably 6 

It has been shown (Hawkins 1963a) that the  stone and the  i ron  meteorites 

d i f f e r  i n  t h e i r  mass dis t r ibut ions.  The number N of stones that f a l l  on one 

square kilometer of the  e a r t h ' s  surface during the  period of a year, with 

mass grea te r  than or equal t o  m, is  given by the  r e l a t ion  



' .  

Note that N i s  a cumulative number tha t  i s  of d i rec t  in te res t  i n  the  

problem of space hazards since it gives the  t o t a l  number of impacts of 

objects above a cer ta in  l imiting size.  

a function of the  mss Ifin space" of t h e  meteorite; t h i s  mass w i l l  be 

considerably reduced by ablation processes i n  the atmosphere. The number 

of i rons t h a t  impact i s  given by the  relat ion 

Equation (1) gives the influx a s  

loglo N = -3.51 - 0.7 loglo m (2) 

It can be seen from these equations t h a t  the  cumulative number of 
-0.7 stony meteorites varies as m - l ,  whereas the  number of i rons varies as m . 

This represents a difference i n  the mass dist r ibut ion of t he  objects, which 

i s  important f o r  several  reasons. Firs t ly ,  although the  average-sized 

meteorites a re  usually stones, extremely large meteorites are usually irons. 

A t  a mass of 100 kgm the  stones outnumber the irons i n  t h e  r a t i o  20:l. A t  

a mass of lo lo  kgm t h e  irons outnumber the  stones by 1O:l. 
i rons occur i n  equal numbers a t  a mass of about 10 

convenient point a t  which t o  divide t h e  two regimes of meteorites. 

t he  mass dis t r ibu t ion  yields information conaerning t h e  or igin of t he  

meteorites. 

terrestrial  rocks a re  subjected t o  grinding and crushing f o r  a considerable 

length of t i m e .  Equation (2) represents a moderate degree of crushing. 

This is consistent with t h e  hypothesis that meteorites are as te ro ida l  fragments 

formed by co l l i s ion  processes i n  space and t h a t  t he  stone fragments have 

been crushed t o  a greater  degree than the  irons, owing t o  t h e i r  low crush- 

ing strength (Hawkins 1960). Thirdly, Equation (2) i s  consistent with the  

number of as teroids  t h a t  cross the  orbi t  of the earth, and w e  may conclude 

that objects such as Eros, Apollo and Amor are probably composed of iron. 

Cometary Meteors 

Stones and 
6 kgms, which forms a 

Secondly, 

Equation (1) is the  same as the  comminution law obtained when 

Although a f e w  stone and iron fragments with masses less than 100 gm 

are undoubtedly present i n  the  meteor population, the bulk of t h e  material 
i n  t h i s  range i s  the  so l id  debris ejected from the  i c y  nucleus of a comet. 

A t  l e a s t  50 per cent of cometary meteors a re  sporadic; t he  o r b i t a l  elements 

form a smooth dis t r ibut ion and there  a re  no discernible Sub-sets. It i s  

-3 - 
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therefore  necessary t o  describe sporadic meteor o rb i t s  on a s t a t i s t i c a l  

basis. 
of t h e  mass, m gm, by the  re la t ion :  

The f lux  of sporadic meteors, N km'2 year-', i s  given as a function 

loglo ( 3 )  

The r e s u l t  has been obtained from a photographic survey (Hawkins and Upton 

1958). 
brightness was not known with cer ta inty and equation (3 )  is  based upon a 

revised scale i n  which the  mass of  a meteor with zero v isua l  magnitude and 

a veloci ty  of 30 km 6ec-l i s  4.4 gm. There are s t i l l  uncertaint ies  i n  t h e  

mass sca le  ( n i p p l e  1963, Iazarus  and mwkins 1963), but equation (3)  i s  

probably trustworthy t o  within a factor  of 5 .  
seasonal var ia t ions i n  t h e  meteor f lux which are of the  same order of 

magnitude as the  uncertainty i n  equation ( 3 ) .  

I n  t h e  or ig ina l  determination t h e  mass of a meteor of a given 

There a r e  diurnal  and 

Approximately 50 per cent of the  meteor f lux  comes from t h e  major 

and minor streams, and must be added t o  t h e  sporadic flux. 

major streams, such as the  Perseids and Taurids, are related t o  kncwn comets. 
Other streams are not associated with a known comet, and presumably the  

parent comet has disintegrated.  

l isted i n  Table 1. 

maximum a c t i v i t y  on cer ta in  calendar dates, and during these periods an 
extra component,N8, is added t o  t h e  flux. 

i n  terms of t he  sporadic rate such that  

that given i n  Table.1. 

Several of t he  

The most important of these streams a r e  
The f lux  from streams is  limited t o  a f e w  days of 

If w e  define t h e  stream a c t i v i t y  

Ns = kN, then the  f ac to r  K i s  

S t r e m  

Quadrantids 
Lyrids 
Daytime A r i e t  ids 
D a y t i m e  Perseids 

Aquarids 
Perseids 
Orionids 
Taurids 
Oeminids 

L 

TABLE 1 

Stream Flux 

Dates 

Jan 2-3 
Apr 20-21 
June 5-11 
June 5-11 

- 

July 22 - Aug 7 
Aug 9-14 
Oct 20-24 
oct i o  - NOV 25 
DW 10-16 

k 

5.0 
0.5 
5 .o 
4.0 
2.0 
5 -0 
2.0 
0.5 
5.5 

- 
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Stream meteors, of course, move i n  almost pa ra l l e l  paths and the  f lux  

given i n  Table 1 is  f o r  an area continually oriented i n  a direct ion per- 

pendicular t o  the  stream. 

Photographic observations have shown that cometary meteors a r e  extremely 

Meteors with a n  i n i t i a l  mass of approximately 100 gm shed fragments f r ag i l e .  

continually during the luminous t ra jec tory  i n  the  upper atmosphere (Jacchia 

1955). 
+3),  the  meteor occasionally dis integrates  a t  the beginning of the  luminous 

trail (McCrosky 1955). From the  height a t  which dis integrat ion takes place 

and from the velocity of the  meteor, it i s  possible t o  calculate the  dynamic 

pressure exerted on the  body. One meteor i n  three, i n  t h i s  range, breaks 

up when the  pressure exceeds 10 g m  cm'*. 

s t rength by t e r r e s t r i a l  standards, comparable t o  t h a t  of c igar  ash. 

A t  smaller sizes,  a t  a mass of approximately 0.1 gm (visual  magnitude 

This i s  an extremely low crushing 

Whipple (1963) has discussed the  photographic observations made on 

meteors with masses between the approximate l i m i t s  of 1 gm and 100 gm, 

and with an average density close t o  0.4 gm ~ m ' ~ .  Fran t h i s  low density 

and the low crushing strength it has been inferred that cometary meteors 

are loose aggregates of small par t ic les  forming an open o r  porous s t ructure .  

The so l id  pa r t i c l e s  are presumed t o  be composed of minerals similar t o  those 

found i n  stony meteorites, although no d i rec t  chemical analyses have been 

made so far because the  meteor material  i s  too f r a g i l e  t o  reach the  surface 

of t he  ear th  i n  any large quant i t ies .  Spectrograms of br ighter  meteors show 

t h e  presence of iron, calcium, sodium, s i l i con  and other r e l a t ive ly  abundant 

elements. It has not ye t  been possible t o  obtain spectrograms of meteors 

f a i n t e r  than a magnitude - 0, corresponding t o  a mass of 5 gm. 

Equations (2) and (3) and Figure 1 show that the  f lux  of cometary 

meteors equals the  flux of meteorites a t  a mass of approximately 300 gm. 

The regime of cometary meteors has been defined by extending equation (3 )  
from a mss of 300 ga t o  a mass of gm. A t  f i r s t  s ight  t h i s  extra- 

polat ion might seem unwarranted since the  photographic observations do not 

extend below a mass of gm. However, since there  i s  confirmation from 

radar data a t  a mass of 10 

t h e  number of pa r t i c l e s  collected by high a l t i t u d e  rockets a t  a mass of 

gm, t h i s  eArapolat ion i s  probably val id  t o  perhaps an order of magnitude. 

-4 
gm, and since the extrapolation agrees with 
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Using a s ix-s ta t ion radar system (Ebwkins 196313), IBwkins and South- 

worth (1963) have studied the  inf lux ra te  and physical charac te r i s t ics  of 

meteors close t o  the  middle of the  range of cometary meteors. 

measurements of t h e  f lux of meteors w i t h  mass greater than 4 x 10 

yields  the value shown i n  Figure 1. The determined value is  an order of 

magnitude greater  than the value expected from Equations (3) and fur ther  

work i s  required t o  investigate t h i s  discrepancy. However, considering 
the  degree of the extrapolation, the point may be taken as a preliminary 

confirmation of Figure 1. 

Preliminary 

gm 
-4 

The small pa r t i c l e s  investigated by the  radio technique c lear ly  show 

the  e f f ec t s  of fragmentation. A t  t h e  l i m i t  of velocity measurements, 
10" gm, most of the meteors are observed as a closely packed cloud of many 

independent fragments. 
t he  onset of ionization. Because of t h i s  e f fec t ,  the  density of the  meteor 

before breakup cannot be measured. 

density i n  space i s  comparable t o  the  value of 0.4 gm ~ m ' ~  as found f o r  t he  

la rger  objects observed i n  the  photographic program. 

The meteor has t o t a l l y  disintegrated a t  o r  before 

However, it i s  presumed that the  

Definite changes appear i n  the  orbits of sporadic meteors as one proceeds 

from a mass of 1 .gm t o  a mass of 

t he  o r b i t s  show smaller semi-major axes and smaller eccent r ic i t ies .  This 

e f f ec t  i s  apparent from a detai led study of the  o r b i t a l  d i s t r ibu t ions  a s  a 
function of mass. The ef fec t  can a l so  be shown s t a t i s t i c a l l y  by comparing 

the  average observed ve loc i t ies  of sporadic meteors as a function of mass. 

Figurela, shows t h e  average velocity over a range of v i sua l  magni%udes from 

+6 t o  +9. There is  a general decrease i n  velocity amounting t o  approximately 

5 km sec'l over an in te rva l  of 3 magnitudes (Bwkins, Lindblad and Southworth, 

1963a). 
t he  Apex by Eshleman and Gallagher (1962), who found that between magnitudes 

of +7 and +12 t h e  average sporadic velocity decreased by 2 Ism sec''. 

value is probably an underestimate because Eshleman and Gallagher did not 

ga. A s  one proceeds t o  smaller masses 

A similar r e su l t  has been obtained f o r  meteors with radiants  near 

This 

determine any values of veloci ty  below 35 km sec-I. 

-6 - 



-4 These authors have suggested that  a t  a mass of approximately 10 gm 
"The so-called sporadic background appears instead t o  consist of par t ic les  

concentrated in to  a very large number of shower orb i t s .  

dimensions of these par t ic le  concentrations must be very small, by as t ro-  

nomical standards, since the intersection of a group w i t h  the ear th  may 

take on the order of one day or less .  

may be immersed in about t en  par t ic le  groups a t  one time. It appears that 

there may be millions of such groups i n  the solar  system . . .I1 These con- 

clusions were based upon an interpretation of the fluctuations i n  hourly 

rate reported by a sensit ive radar system. They are not borne out by  a 
detailed study of the orb i t s  of meteors i n  this  s ize  range. A comparison 

Program has been carried out on 2300 meteor orb i t s  w i t h  masses between 

10-l and gm. (Hawkins, Lindblad, and Southworth 1963b). Most of 

the streams found were the w e l l  known major and minor streams previously 

discovered visual ly  and photographically. There i s  no detailed structure 

within the sporadic orbi ts ,  and it i s  therefore possible t o  describe 

them only in terms of broad s t a t i s t i c s .  
-2 

Characterist ic 

It i s  suggested that  the ear th  

Approximately 30 per cent of sporadic meteors a t  a mass of 10 gm 
are moving in orb i t s  of low eccentr ic i ty  and high inclination (Davies 

aad G i l l  1960; Hawkins  1962). 

i n  the plane of the solar system found i n  photographic measurements. 
This second grouping has been provisionally called the "toroidal group, 

which was probably formed by the long-term perturbations from the planet 

Jupi te r .  

This is qui ted i f fe ren t  from the alignment 

Micrometeorites 
The deceleration of a meteor in the atmosphere depends on the r a t i o  

of cross-sectional area t o  mass. Thus, the deceleration is inversely 

proportional t o  diameter, and small objects undergo a severe deceleration. 

Whipple (1950) and 6pik (1937) have pointed out that a small object can 

be decelerated without melting, and arr ive a t  the surface of the ear th  

in t ac t .  These objects are ap t ly  termed micrometeorites, and their  re- 
covery a t  ground level and in the upper atmosphere is of great i n t e re s t .  

-7- 



Whipple (1950) assumed that the energy generated by passage through 
. .  the upper atmosphere i s  quickly conducted t o  the in te r ior  of the micro- 

meteorite. 

isothermal surroundings, and w i l l  remain sol id  provided tha t  the surface 

temperature does not r i s e  above the melting point of the material. The 

c r i t i c a l  s ize  of a sol id  micrometeorite i s  given i n  Table 2 as a function 

Of veloci ty  and density of the object. 

escape destruction if  the temperature remains below tha t  of vaporization. 

Under these conditions the maximum diameter w i l l  be somewhat greater  than 

those given i n  Table 2. A micrometeorite of the s ize  given i n  Table 2 

reaches a maximum temperature a t  a height which is  approximately 10 km 

above the beginning height of cometary meteors. 

rapidly after a t ta in ing  maximum temperature and soon reaches a terminal 

velocity.  Micrometeorites smaller than those l isted i n  Table 2 are 

decelerated more rapidly, and reach a maximum temperature a t  higher 

heights than those given i n  Table 2. 

The object then reradiates this  energy as a gray-body i n  
. ,  

If the meteor melts, it w i l l  s t i l l  

The par t ic le  decelerates 

Several methods have been u s e d t o  Collect micrometeorites. Sticky 

Plates  have been exposed a t  ground level  i n  dust-free regions. 

phones have been carried on high al t i tude rockets and s a t e l l i t e s  t o  

detect  the impact of small objects. The most d i r ec t  method, and the one 
tha t  is  perhaps less subject t o  contamination and misinterpretation, is  

the rocket -borne collection and recovery technique of Hemenway and 

Soberman (1962). 

h x i c o ,  on 6 June 1961, reaching an a l t i t ude  of 168 km. 
layers of Mylar f o i l  were exposed t o  determine the r a t e  a t  -which the 

foil was punctured. 

posed t o  t r a p  the micrometeorites upon impact. 

t o  avoid the poss ib i l i ty  of t e r r e s t r i a l  contamination. 

a l l  col lect ing surfaces were coated w i t h  a t h i n  f i l m  of ni t rocel lulose 

f i l m .  

before launching and after recovery, so that e x t r a t e r r e s t r i a l  par t ic les  

could be readi ly  ident i f ied 

Micro- 

A collector rocket w a s  f i r e d  from White Sands, New 

Several space 

Several types of col lect ing surfaces were a l so  ex- 

Extreme care was taken 

Before launching, 

The col lect ing surfaces were shadowed by an atomic beam, both 

-8 - 



TABWE 2 

Micrometeorite diameters 

Ve loci t y  Height of maxi- &ximum diameter, (Microns) 

Density = 3 Density = 0 . 3  gm cm-3 mum temperature 
(kd 

(km I3ec-l) 

38 

18 

10 

6 

3 

1.4 

0 *9  

0.6 

380 

180 

100 

60 

30 

14 

9 

6 
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Millions of par t ic les  were collected during approximately 200 

seconds of exposure but, of course, only a sample of these par t ic les  

could be investigated. 

three types as i l l u s t r a t ed  i n  Figures 2, 3, and 4. 
w a s  termed a "fluffy" par t ic le ,  very irregular i n  shape and open i n  

structure.  During i t s  interact ion w i t h  the  atmosphere, a par t ic le  of 

t h i s  type would necessary exhibit  a low effect ive density.  
aggregate of th i s  type i s  remarkably close t o  the physical character is t ics  

derived for  cometary meteors from photographic studies. 

a more compact object tha t ,  l i k e  the par t ic le  i n  Figure 2, has not melted 

during deceleration. 

it formed i n  the aluminum coating on nitrocellulose f i l m .  

In general the par t ic les  could be divided in to  

Figure 2 shows what 

A loose 

Figure 3 shows 

Figure 4 shows a smallspherule and the cra te r  t ha t  

Note tha t  the typ ica l  par t ic les  shown i n  Figures 2, 3, and 4 are  

well within the size range of micrometeorites as given i n  Table 2. 

pa r t i c l e s  must have arrived a t  the collecting films a t  very l o w  velocity.  

For example, the sphere i n  Figure 4 did not carry suf f ic ien t  energy t o  

puncture the t h i n  ni t rocel lulose f i l m  that backed the aluminum layer. 

This indicates that the par t ic les  were f a l l i ng  w i t h  terminal veloci ty  i n  

the atmosphere and i s  fur ther  confirmation tha t  the par t ic les  are  micro- 

meteorites. 

The 

Hemenway and Soberman give the observed f lux of par t ic les  on the 

col lect ing surfaces of the rocket as a function of the size of par t ic le .  

To obtain the true influx of micrometeorites it is  necessary t o  apply 

a correction f o r  the velocity of the rocket. 

pa r t i c l e s  were f a l l i n g  through the atmosphere w i t h  terminal veloci ty  and 

that the flow of par t ic les  in each s ize  range had reached a condition of 
steady state. Under these conditions the observed f lux  would be the t rue  

flux if the rocket were stationary. A correction factor  was  then applied 

t o  allow f o r  the ve r t i ca l  motion of the rocket. 

Of 3.0 gm cm'3 we may represent the f lux  by the expression 

It is assumed that a l l  

Assuming a mean density 

-10- 
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-2 -1 The cumulative flux, N, i s  the number of par t ic les  km year w i t h  mass 

greater than or equal t o  m gm. 

Equation (4 )  was found t o  hold f o r  par t ic les  w i t h  diameters up t o  

2.5 microns, corresponding t o  a mass of approximately 10 -13 gm. A t  th i s  

diameter a pronounced change appeared i n  the gradient i n  the mass d i s t r i -  

bution, and the value agreed w i t h  that  of equation ( 3 )  within the limits 
Of experimental e r ro r .  Thus it is  reasonable t o  presume that the regime 

O f  cometary meteors extends t o  masses as  small as 

corroboration, note tha t  the absolute value of f lux a t  

agreement w i t h  the absolute value determined by extrapolating the photo- 

graphic data. It i s  a l so  i n  fair agreement w i t h  the f lux  determined by 

microphone impacts (Dubin and McCracken 1962). 
(1962) a t t r i bu te  the change of slope i n  the mass d is t r ibu t ion  t o  the 

e f f e c t s  of radiat ion pressure acting on the par t ic les  i n  interplanetary 

space. 

gm. As fur ther  
gm i s  i n  

Hemenway and Soberman 

The e x t r a t e r r e s t r i a l  par t ic les  were examined w i t h  an electron micro- 

scope, which yielded the photographs i n  Figures 2, 3, and 4. Individual 

pa r t i c l e s  were examined by an electron d i f f rac t ion  technique t o  t e s t  

f o r  c rys t a l  s t ructure .  An electron probe was used t o  exci te  X-ray 

fluorescence t o  determine the chemical consti tuents.  One or  two par t ic les  

were subject t o  neutron activation t o  search for  specif ic  elements. 
The majority of the par t ic les  showed no detectable c rys ta l  patterns.  

The reason f o r  this has not been established, although various poss ib i l i -  

t i es  suggest themselves. 

space may be completely amorphous; the par t ic les  may be composed of a 

multitude of minerals i n  micro-crystalline form; the par t ic les ,  although 

or ig ina l ly  crystal l ine,  may be heated suf f ic ien t ly  t o  destroy the 

c rys t a l  s t ructure  during passage through the atmosphere. 

gestions, perhaps the second i s  the most l i ke ly .  The f l u f f y  fragments 

show evidence of being composed of microscopic par t ic les  w i t h  individual 

masses of about lo”* gm. 
more d i f fe ren t  minerals, then no crystal  pat tern would be detected. 

The small par t ic les  formed i n  interplanetary 

Of  these sug- 

If these par t ic les  represented a hundred o r  

-11 - 



Approximately one micrometeorite i n  a hundred does show a def in i te  

diffract ion pattern.  

mineral. Although several c rys ta l  spacings have been determined, the 

nature of the mineral has not been identified.  

These exceptional par t ic les  contain a predominant 

Most of the micrometeorites examined do show a crys ta l  pattern when 

the par t ic le  has been vaporized i n  the electron beam and recondensed on 

the adjoining f i l m .  The most predominant d i f f rac t ion  pat tern observed 

corresponds t o  three possible crystal  s t ructures  - austenite,  taeni te ,  

and copper. It has not been possible t o  decide which of these possi- 

b i l i t i e s  i s  correct, although it should be noted tha t  taen i te  i s  a well- 

known constituent of the larger  meteorites. 

The electron probe and neutron act ivat ion show the presence of the 

following chemicals: A l ,  Si ,  Fe, N i ,  T i ,  Ca, Mg, and Cu. The abundances 

varied from par t ic le  t o  par t ic le  although aluminum, s i l icon,  and iron 

w e r e  frequent consti tuents.  There was a poss ib i l i ty  that the aluminum 

and copper had been introduced as  contaminants. 

SDace Hazards 
The f l u  sham in Figure 1 represents a revision of the estimates 

given by Whipple (1963), and covers a greater var ia t ion of mass. The 

physical character is t ics  of the project i le  are given as a function of 

mass, and the population may be conveniently divided in to  the four 

regimes - irons, stones, cometary meteors, and micrometeorites. The 

resu l t s ,  and our current knowledge o f  penetration and cratering, can be 

used t o  estimate the damage sustained by a space c ra f t .  For example, 

Herrmaun and Jones (1962) have shown tha t  the depth p of a crater, formed 

i n  a semi-infinite ta rge t  by a project i le  of mass m, is given by the semi- 

empirical re la t ion  

where P i s  the density of the projecti le,  Pt i s  the density of the 

ta rge t ,  v is  the impact velocity and H i s  the Brunellhardness. 
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Equation ( 5 )  i s  given i n  cgs units. 

Punctured if ( Whipple 1963 ) 
A th in  plate of thickness P w i l l  be 

P 1 . 5  p . ( 6 )  

A t  the large end of the mass scale of the meteor population the problem 

is t o  calculate the probabili ty that a surface w i l l  be punctured during 

fl ight.  

rate of erosion of the surface caused by many successive impacts. 

A t  the small end of the mass scale the problem i s  t o  compute the 

As an example, the probabili ty of co l l i s ion  fo r  Project Apollo i s  

a l so  given i n  Figure 1. 

cross-section of 10 m , and an exposure time of 10 days. The probabili ty 

Of co l l i s ion  with a stone o r  iron meteorite is  t r i v i a l l y  small, although, 

Of course, the effects  of impact would not be so t r i v i a l  i f  they did 

Occur. No space c raf t  could be designed t o  withstand the catastrophic 

e f f ec t s  of co l l i s ion  w i t h  a meteorite. A t  a mass of 

l i t y  of co l l i s ion  is 1.0. 

f i c i e n t  t o  penetrate an aluminum skin of thickness 0.05 cm if the meteor 

densi ty  i s  0.4 and the velocity is 22 km per sec-l .  

gm, the Apollo vehicle w i l l  suffer  lo1' col l is ions.  

approximately 1000 erosion p i t s  per 

The probabili t ies are based on an estimated 
2 

gm the probabi- 

According t o  the impact theory t h i s  i s  suf- 

-12 A t  a mass of 10 

This w i l l  produce 

In using equations ( 3 )  and (4)  t o  estimate space damage several 

factors  have t o  be borne i n  mind. 

densi ty  of micrometeorites decreases as one proceeds away from the 

Vicinity of the ear th  (Whipple l96 l ) ,  although there i s  s t i l l  some un-  
cer ta in ty  i n  the r e su l t  (Dubin and McCracken 1962). If a dust cloud 

does exist i n  the v i c in i ty  of the earth, then the f lux  given i n  Equation 

(4 )  may be considerably reduced i n  deep space. 

detected by rocket were assumed t o  be f a l l i n g  w i t h  terminal velocity.  

Thus, a s a t e l l i t e  moving through the layer of micrometeorites w i l l  tend 

t o  sweep up par t ic les  a t  a ra te  greater than tha t  given in Equation ( 4 ) .  

It has been suggested tha t  the space 

The micrometeorites 
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The f l u  w i l l  be increased approximately by the r a t i o  of the velocity of 

the space craft t o  the terminal velocity of the micrometeorites. 

both micrometeorites and cometary meteors a cer ta in  amount of shielding 

is  produced by the earth i t s e l f .  

(4) is reduced, although never by more than a factor  of 2 fo r  a randomly 

oriented space craft. 

For 

The value of N i n  Equations ( 3 )  and 
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Figure  2 

A F l u f f y  Micrometeorite 
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A C o m p a c t  Micrometeorite 
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A Micrometeori te  Spherule  


